13 Apr 2006 17:00 P. 23 

lAP15Rto'<lPCT/FTQ 14 APR 2006 

10/576069 



-WO 2005/040718 



| j 

SPECTRAL ^NTEEFEROMETRY METHOD AND ^FPARjATUS 

! • : 

Thepreseatinv^tionrLeBto a ^ectral interferomctry apparatus andrnetbod, which 

ca nl,eused to ^V^^^^^f 1 "^^^^ 
difference and recof 




There is a growing mtekst in me application of low coherence mterferbmetry hi the 
general fieM of sensing! Low coherence interferomehy meftods provide absolute 
dirfancemeaswen^land are wen suited to im^ 

producing abcesmtbe jvolumeof diffusive and scattering media. There are different 
methods which obtamcep* resolved information using low-ccherence optical sources, 
and one such method dispersion of the spectrum. The periodicity 6f the channelled 
spectrum is proportional to the optical path difference (OPD) hi an interferometer, as 
described as long ago as 1837, as ^ so caUed'Wons bands ^TdboT.R*^ 
presentations of such a* old phenomenon are reported by AX. King ahdR Davram 
«Xhe Onions Bands of Talbot" published in the American Journal of Physics, vol. 39, 
(1971). p.1195-1198 aU by M. Patter Givens, Talbot's bandf , American Journal of 
Physios, 61, (7), (199^), p. 601-605. 

Chanueuedspectrummethod^ 

field. Recent implementations have used photodetector or CC& arrays: to display tire 
channelled spectrum, p disclosed in "Chadded Spectrum Display ttimg a CCD Array 
fin- studentLaboratorVDemonstrati^ S - 
J Webb andD. A. Jackson m the European J.Phys., IS, (1994),p.26$-271y 
ChanneUedspecttumU also been employed ina method called <%pectral optical 
coherence tomographic (SOCT), as disclosed in "Coherence Radar ahd Spectral Radar - 
New Tools for Dennatological Diagnosis", published by G. Hauder and M. W. Lindner, 
inJ BiomedO P tics,lFan.l998D,VoL3Nc,l. P p. 21-31 anddiscto^inflie&nowmg 
patents: US 4^32,782, Channelled *** ^tnmi measurement method and device, P. 
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-riooicfly „f te onimrclted .peotrom Into peak, of aiffcreni, fho^.wW.*. 
ft^aoy dtoelly tfted to ft. path U*» S»* « profij. i. taj-a—A— . 
in OCT, i.e. a profile of reflectivity in iqitb. 

ApossMebuikirnp^ 

^einent, an optical beam tan. source 1 is oollima^by a rtp^d-™*!. 
^cc^dbeasimpleleittoxach^ 

source 1 is broadband and may be for exar^ple one ormore Bght erxjitag diota, 

s^rran^^ 
tegast^lebaitad*^ 

BrtThesomceibaaacerdtalwaveler^suitable^^ 

investigated. Fox lie investigation of apaWseyeu^^a^eng^to 
^iBta^eucbUsOOto^nmisused. For examining skin, a .wavelengm ofl300 

^xnaybenseiFUsensi^^ 
of 1500 ran ate] 



. 1 . 
The light reoeivedby the beam-splitter 4is aplitinto a first optical path 41 leadingtoa 
mirror object 5, and into a second optical path 42 l eadingtoa reta^nrax«6. Ata 
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reflection on the two n(irrois 5 and 6 and 
two beams are 
analysis. The 



after crosriog the be-n-^ +• *» """""S 
^ dispcndng »M 7 oopM ta a* - waf **•<*»* 

elements •;.!.; 
U^e chamxdled spe^D3Dn periodicity depends on the OFD* defined as: 



OPD— 0(Z-X) 

/ w-* fc A^ U fi M periodioitydopeod.onltteinooiflMoftlieOm 

8CSlwa . 7 . ,, , . TfPfturiertranBfotmed, besides Hie 

give tie same periodicity in the channelled spectrum. If Fourier tra ° BIOT ^°^ 

^ ' !I to the useM range of OPDs, symmetrically placed tenns are 
tarns corresponding to the usenu ran** ^ Foari « domain 

obtained, often referred as nnrn* terms and a problem assooated «T 

£L of me OC* system*^** iniaging. l*^^*^**?** 

OCT methods discussed above rely on an adjustment of ifhe object position m such a 
OCT methoas ais , mth of the obieot are confined within a single sign range 

way that the scattferers m the depth of the oDjeci are w«w 



13 Apr 2006 17:01 



P. 26 



WO 2005/040718 



PCnj/GB2004i/004351 



• ^ positive or negative. Such an •*^i<^ Ho — ** 
of OPDa. Le. etiher posAve ■heamslicabls in all situations. . 
easurementprocodul^ and may not be applicable m mi 



For the purposes 



of this description, the OPD in the iri . 
tfce^encePa*!^^^ 



as the 



mft0Illof*^Ietillal4«rve^l« la y e^ •™* , ™" ,1 .,l.^L,hm 



in 



the final ;depth profile of 



ahifdng spectral interfeiometry^Baai 
A method caUed "phase snmmfi fcepjoblemof 

^ ^ ^^RRijmofthe OPD range, mordCT to aarawa ui»^ 
to eliminate the tenris for one sign 01 ui* ^ W«ferom0tar 

B Y Educing exact phase shifts between the two optical uterometer 

paths of successive £CD names, ano comDuu^© r , , dactrical 

alters the v*" ° £ *» * hMe " blft md 
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sign of OPD (U. positive or nej 
the phase shifting method. 



gative) which otherwise would have been cancelled by 



The paper entitled 1 



r Threshold 



Diode Below 
Jackson, published in J 
"Talbot-like Bands 
D. J.Webb, D. A- 
(1997), pp. 413 -424 
threshold level*, 
and such an apparatus 



Figure 2 shows a si 
placed in the optical paths 
diameter of the qptufl beams 
^ill be provided for 



.^eoretical Study of Talbot Bands Observed a Laser 

V byA.©LPodoleanu,S.Tapl^D.|.WebbjandD.A. 
^i.^reandAppuedOptics, Vol. 7,(199^^517-536 and 
j fdr Laser Diode Below Threshold", by A- £Bu Pod^oleann, S. Taplm, 
jaLon, published in J. Pure and Applied fV 6, issue 3, 

t bothreportabonlTafcotbands^ 
Thelatter paper also introduces ambled l^l*f interfrrometer 
win now be described with reference to Hg.2f 



gjuidlar 



cement toFig. l,butwimth6*^oftw6 
41 and 42. The two screens are at^nged + block out half Ihe 
ltu ^41 a nd42.E ST lanarionofope^oiiheset^inFig.2 
the case when the dispersins means 7 is a dif&afetion grating. 



^s a^rn^S^beams4r and42» occurs. The beams 41' and42» are what 
^cToftltjuns^ ^42afterpas B uigt^^^^ 4 - 



Usually, for maxinmm 
interferons 
at the same height 
tilting the heamsp: 
on mirrors 5 and 
and 42 are in the 
optical paths, the 
displacing plan© 




Zm 4. nunc. 5 end «. *> <*°* «* 41 "** """f" 

< Tb be et to ..mebeiijK with the tocemk.t-w.3. T^l-ems 3.41 

.L-fcgh— «■ ^ep-dW^^velydispUeedme 
'iuc B in«d.p»^c^i.icee1iod^1e.^^pl«^^ 
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perpendicotatD^ j 
interferometer as comprising a number of wavelets equai . 

correspond 7 ... p _ w^on applied fox thie first diffraction 

wavelets. As consequence of the Bragg grating equauun ,. 

to coo.Bto ft* «J OTD b «~ Werferom^ ft. 4» of kng* 

t^^t^bOK^wtaft.OPDInfteW.rf^^^^'-'- 
ta^fi^^^o^^o^tefte^ 

NX wbicfcglvM ftii madnmmOro rm&. 

to ^Mii'lll I* CHD c^inftctt«ft»m^«^W M .«ftft» 
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intrinsic 
channelled 



delay between the two 
spectrum periodicity 



As explained in 
beam propagating to 
ap 



Podoleanti'B 



cases, designated as L 



, lateraUy displaced beams, r^howev>r, me 
- corresponds to the OPD in the interferometer only. 



mentioned above, delaying tw^ sides of the 
'g^tesults in a charmelledspectnim^HmeOPDm^ 
Ocular signox^Tne^pape*^ 
andR* ' 



Hue 



JhtheLcase>theanj 
screens 20 are such that 



X attach the diffraction grab*? it^tnUptV^y of the 
the component of fbe reference beam 42* tftaf diffiwtionu 



^WanOP^theMie^onmre^^ 



modulation < 



of the CdD photodctector signal as long as it is between ifero and NX. 



In the R case, the 
screens are si 
intrinsic delay NM2 
thai an OPD 



If the screens 20 art 



os at which the diffraction grating is nsed 
lu ch t^the retrain of the beam 4V after dif^ if delayed by an 



behind the wave^ 

interferometer produces modniaiionpilheCC© 

as long as it is between zero and -Nk> 



in the Micbelson 



introduced into the beams41 and 42 ftomme overside, men me 
beams*!' and^lbangemekpodtionafte 
mesystemchangesl^mmecaseRtoLandvfce^ ; 



Similar 



i can 1 



be provided for omer orders of difi&acti^; 01 '*! 

«. the indent «n*ee and«he pri*n H> «rf**F**«*"» 

tatbeem, are coLn«l in the .am. plane, defmed by tleiremrtto the ex* 



and the 
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This is the key elemen ; 
scans even if the origii i 
key element in 
inter ferometry. 



seleotnjg sensors 



, deperupng 
described 



:oni 



signal two times in 
coherence sources arc 
interferometer return* 
wave-train lengths in 
dependent on 
Podoleanu's papers 
in the Fourier transftijrm 
was used. 



i the position 
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to implementing a spectral OCT which can produce correct A- 
of OPD in^i^o^^^^^ This is also the 
in a multiplexed array by spectral ^coherence 
Ihe OPD corresponding to each sinsor. However, the 
m the Podoleanu's papers above reduces the poweroffce 
due to the presence of the screeds. Secondly, the low 
vei y sensitive to optical feedback and.tKe MSebflson , 
light back to the source. Thirdly, the mejhod of (modifying the 
the two beams using the screeria.isineffl^e^^^PQWCci.. 
_ of the screens. Furthermore, the disclosure *>f the two 
rest ^tomesmmuficatf^ 

of the channelled spectrum when a caVity lo? coherence source 



eafchbeam ( 



was 



The object of th© indention 
that obviates or ameliorates 
means* 



In general terms in 
which comprises or 
provide two beams, 
arranged to have a 
interference effect 
lengths (optical path 
at different depths, 
various applications 
spectrum dispersing 
arranged to 
laterally with n 
dispersing means 
to provide 



is to provide a spectral interfiaometry-m^hodand apparatus 
fce above described problems associated! with conventional 



fi^t aspect there is provided a spectral i^e^metry appamtus 
is excited by an optical source. The optical source is arranged to 



snot 



.bjectbeamwmch interacts with an object, preference beam 
i,ath length of the order of the object beam path ii order to encit the 

a workable extent. There may be ^differences in the path 
_ difference) especially in multi-layer objects Wijh scartermgl>cmte 
Also the optical path difference may be purposely adjusted for 
' Tteobjeotandfoereferw^ 

« means such as a diffraction grating or prism o« some other device 
spectral content The object and reference beams are displaced 
to their paths such that they are incident on deferent parts of the 
Lfeoe which is arranged at an angle to fiWr respective paflism order 
Thus any optical path difference together with the 



separate their 
respect 
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<he« lb, ^reflecting ■*»«. fc<^>=W "°»* ,OT " 

^ dddeo^Ift*** <-*-; ■» «*! T *£T2 ZL 

can be accomplished- 



mp artictfe*mai^ 
W ar*us,con^anint^^ 
apparatus cbtoprisix^ an optic* arrangement arranged to go^an afreet beam *x«n 

fhe^calsourcel^ 

useto inters wife* target **1^bd*ta«***^^«- 
optical arrsngenjfcnfeer a^edto ^ ^^^^^J^ 
tofeedispersfegn^;^^ 
axxangement being Urable to introduce a relatively 
between the object jbeam and fee reference beam; the 
arranged to disperB^ fee spectral contents o; 
axeeding element; fee optical arrangement comprising sepatafeg^eana arranged to 
guide the objectbeamandfee*^^^ 
the dispersing means, 



means 
onto 



partially block the 



B| wherein fee separating means does not compfise screens to 
0 bject and/or reference beams; wherein in use fife combination or me 

leparatingmeansandfe^ 
imrinsic optical defay between fee wavetrains of fee object beam ^ fee reference 

delay generates a ihannelled spectrum on fee reaumg element. ? 
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separately by 



means of fibre optic cable. 



and/or 



^^alcoherencetomog^ 
^ used for ^ ^ of mirror terms in one 

according to Hie invention pnmde croes section imag^ 



^ te ^-*«^ a * ,,,,l « ,l,,,l,, " ,, ' B, °* - - te 



ij^rinfiic optical delay 

. _ , ■! 

^.v-n'the *wo relatively displaced o^edbe^^^ relatively 
^^^vetr^ofthe^ore ^ ^i.fc* 



interferometer on the reading eiem * ^ relatively 

relatrvelytfsplace^ 



combination of reflection, deflection, or retracnon 
the reference beam . 



Such anint 



beam i 



j : 
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~ -~^tW hv any coiiibinatioii of reflection, ds 



deflection and refraction. Hence, the 



l6 relatively 



■p. H^^wina means could introduce the relative < 

^«« SB at least two reflective elements, one of said at least 
^ ^flective eletnitsbeing arranged to reflect the object beam, and . 



least two reflective elements being 



The displacing meat* may comprise at least one 
capable of deflecting beams. 

! ■ ■ * :" 

^ J aspect of fl« invention, there is prpvid^ 



and a 

between 
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spectrum dispersing 

wavetrains of the two 

reference beam which 

to generate a channel 

on the reading element, 

comprising an object 

optics includes 
transmit the reference 

positions dftheo! 
relatively displaced o 1 



fibre* 



$ reference 



object fibres 



The displacingmeans may 
■beam and the relati 
relative positions o 
combination of reflection, 



12 



. end ainoged to Wri 0» object beam aod the .«*«— 
« fibre optol.oonvtotog a«SW»»«i»««* f^f*" 

erf tad fire reference fibre end to ^ertojprote* *o 
,llject beam and the i 




^be arranged to pro^^^^^^ 6 ^ 

object ffl^^aDdtbeteft^^^d^^^o* 
deflection, and refraction. 



According to a fourth aspect 01 tne ^ write d bv an optical source, the 

^-.n^lbewrK diaplacinj meant arrangedto draRlateatje**™" 

^vS^objectbe^^tber^v^^re^be^ 

^ ^.LrfeKaneter. eodopu^epeetnmdisp^n^ «^<° 
^Cr^eTd^eedoel, and* d^**^ooo«^ 

readaig eiem=», ^ nTTimeedto anirrfrinafc optica? delay between the 

r^t^l^ooe^obio.opfioa^re^o^ 
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. j^fceaffcreendarrangedtot^ 
includes fibre optics comprising * fabre ena arran o B d to produce me 

«. ~f Jr^ce beam, and the displacing means is arrangea u> p 
objectbe.m or the reference beam. ^ tefere ^ ]be8m1jy 

relatively displaced obj ect beam and the relatively dur> 
movement of the fibre end. 



The displacing means 
beam and the relatively 
end and any one or 



cdmbmation of reflection, deflection, andrefractift 



In Borne embodiment*, the displacing means is 
one of the object beajn 



adapted to alto die di|m*tera of at least 



indie 



The rea 



In Borne embodiment means arranged to control the . 

uterometer may be p ^ 1 ^ ld ^ydisp^ced«to™ 
between the relatively displaced object eeam ^^-^ogfcdfflbMno* 

andthemtrinsicop^ ; 
.adrngeleml-aybea^ 

beam and the relatively displaced reference beam. 

L of the relatively displaced object and die relatively 



;mei 



ans l mayai 8ote 



Means to match die polarization 
provided. 

. also be provided* 
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Tfce displacing means lUy adapted to 



relatively orient the relatively placed object 



The 



difB^ctioii grating, 



The optical spectrum 



i may be 



^edtopermimad^lelate^ superposition 



offcetworelatnrely^ 

optical path difference values. wnere« 
Buperposrtion to a total overlap. 

, .^tn^velvorierdtheirelativilydisplacedobje^ 

beam and the relate 
the optical 



a prism; a group o. 



f prisms; a group of d^ffiactioii gratmgs. 



may comprise 



a 



~* m A\calat to a line connecting the centre 
gating lines of the diffraction grating are perpendicular to 
of the relatively dUlaoediefera^ceb^ 

object beam. 



and the centre o 



TheoptioalspeottumdiBpersmgmeansmay 
connecting the centre 



aad the centre i 



the entrance i 



comprise a prism ir^ndmg an entrance 



Jthe displace object beano, is within the plane 
BUrmce 0 f mis prism and its bisectrix. 



to 



♦ w one reflector arranged to provide areference 
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reflector can be adjusted in order 



: to control the optical path different of me relatively 



displaced object beam 



andtherelarr 



The refereoce optics njiayDeaxraaB reflectors arranged to 

; gent back to the optical source. 

„oa» elementmay be provided to altor the diameter of ^ 
bjectbeam* 



The object optics 
object beam- A third 
relatively displaced < 



comprises i 



The inference optics 
diameter of the reference 
diameter of the relatively 



W compriseasec^*oom rt 

element may be proved to alter the 



The displacement 
relatively 
for which a 



ixeans 



displaced beams 



modulation 



By allowing some 
OPD values is 
position could be 
points on one 



The interference bjetween 
take place entire!) 



The interference 
partiallyonthe 
dispelling ifteansj. 



beam. A fourth zoom < 



of the optical spectrum could be sensed at the reading element 



This may be desired in those cases whereithe 
pWd within the multi-layer object and there is a lack of scattermg 



enhanced. 



side of the OPD =0 depth. 



the two 
on the said reading element 



ietween the two relatively displaced beam* is arianged to take place 



said 



■■Vf- .. .' ■!■ 
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The 

the said displ aced 



L orf« io ft* <W of ft. dptfte °P**> 



The 

adjust the gap 
reference beam 
modulation of the 



between the 
in order to 



The object optios may 
arranged to scan foe 

anyone 

gcannjng; or any 



(ofoombinaion 
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arranged to control the displacing means in older to 
relatively displaced object beam and the relatively displaced 
alter the mhurnum optical path differer^^ue for wmch a 

element, the scanning efcmentbeing 

•lement may be arranged to perform 



comprise a scanning < 

target object The scanning ei 

+ _ a-onnme: elicoidal scanning; circular 

of: linear scanning; raster scanning, 

! 

otiier random shaped scanning. 



sections 



The. scanning element canbe used to obtain cross section: 
v u «* » of the mirror terms. By repeating fo« 
object which are frfe of gectionS fi^fasido^e object canbe 

at different transverse posAona, several cross secnom . vohJme of 

foe object free of foinor terms. 

ftom a particular *** *• ° y *° t 

The said optical source may be a tow coherence source. 

iae: aphotodctoctor array; a CCD linear array, a two 



The reading 
dimoosionalarr^yo: 



photodetector < 



f photodetedors; atwo dimensional CCD array; or apoint 

scanned. 



oVer which the 
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and a second reference beam, seooauu^y * „ rnSnce i second relatively 

ofllie second object beam ana in* i^™fi*dnee-1>aid. second optical 

content onto a seconaiB"^© mefl ns is arranged to 

„ „Jt second optical spectrum dispersing means bj »«u*»«~ 
displacing means and me secooa opu * ^:™ 0 f the second relatively 



element 

The secqi^displae^ 

> second relatively 



ad^tcd to produce me .cco^rdattvery displaced 

one or a 

J x^^K-^x, nfjrf least one of the second object 
combination of reflection, deflection andrefiacfeonof atleastoneo 

beam and the 

exhibit intrinsic delays of opposite sign, 
the basis of sign dsou 
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IS 



The second optical 



^^^^^^^^^ 
element ahd the said second reading element 

and (he second optical dispersing means^*** 

— ^crndheiTie arranged such that the 
e prisma, the one ox more pnsn*r>enigaTPWi ? 

means. 



said leading el 
The 

comprise one or more prisms, 
relatively displaced o 
prism apex in the 
beam or the 
apex in the s 



i second isiattvi 



In some embodiment s, 
reading element is 
apparatus is arranged 

summed to an i 
provide a si: 
irrespective 



a signal output of each of the reading etoehtlandihe second 
**, aseparate frequency to amplitude converter, and the . 
^ that the output of one frequency to altitude converter * 
of theomerfrequencyto ^Ktudccc^verterm order to 
Ibe axial position of a singl? layer object 

oftheCfPDsign. 



6enti 



inverted output 




twite****-' 

ft, relatively »*— be * m to pro "° M . _ ^ aomgrf 

^^^^^v.^ ^^^^ 

•e^ie^i^*^"^" 1 ™^^ 
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! ^ + „o^^ a chatted spectrum^ 
difference in the interfering to generate a chann *v 

reference beam. 

Brt »*. wM^coae*^ tot d«P* value. d« « fl. ^*"£V- 
r^Uc. by me... oU ^ dHn0,t 



range of fh© i 
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source delayed by the 
the second single mode coupl 



^opticalduph^elementm^ 

The optical a^flcanng ^^^jj^ooedhalf^to^^^^^ 
theoptical^m^away^itsedgeiBp^lp^e, 



Tire source may be alow coherence source 



whennsinganon-ckvity low coherence source 
depth range ofthe apparatus minus 
range of the apparatus) 



appear in the range h*exval (Maximum 
the optical laser cavity lengm - |«aximum depth 



exhibiting satellite peajcs in the 



value 



The optical sourceonay a non-cavity source 
autocorrelation flujction, and the differential 
of the OPD of the JSrst satellite peak. 

^L^andwaveplatesmay* 
Polarisationnrodnlator, ^J^^^^^poJa^^^ 
or in me said displaced object and reference oearn* 
tomograms, free of mirror terms. 

^ * fi^asoectcfmemventio^^ 
Accordmg to a fifth aspect of *° * beam and a reference 

method, comprising: usmg an mterferometo to outp _ J ^ 
beam; mflecting.deflectingc, refracting 
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ihe inl^a^eto. | _ t 
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and the reference beam. 

• i * i 

optod -ource, to "U interferometer including oejeo. c^c. end,ef|reneo opuce, «» 

.to bom Shiran there is en optica peflrdiifcrenc. b*?^f«rttaay*r 
di„l^ object beinendtorel^clydispl^re^^ 

rf^d, 4M«4»— . end to dupe*, toir epe=*d content *■» » 

whtt ein the combiiuon of to dicpUdng ». end to optic* »^**«-* 

^velyd^objectbeemeodtore^^ 

be u»d eriih tie ofU pdh difference in the interferometer t. g«c|nde.ch<m»e!fed 
.peenrnnfextoeP^P^^*^ 1 *"^^ 

opticecom^r^^^^*^^^^"^ 
Ll*** move, to rd*ve position, of to object fibre end end to referent* 

displaced refereaciei beam* 

i i 
. AeeonlmgtomeUtn^ecteftoinvennon.teei.pn^.^ 

optic* source, to and intafetometer including «M«k. W ««brenee opn«. to 
Ited comprfcmgr nsing object eptic to tmnrfe, . bean fiom tot^somcetoa 

^^diepU«»e= rato dispL K ee.tas.<n«eftoo«ec»be«n m dto 
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Tbemethodmay cowrie ^ beam spntting means to r<*dve the objectbeam and 
the reference beam and to produce a second object beam and a second reference beam; 
using second di^lacmg means arranged to displace at least one of fee aecond object 
beamandfee second reference beam to produ^ 
beam andasewUatively displaced 

dispersmgmeans aUnged to^tomm***^*^^*"** 
fee second relatively displaced reference beam, and to disperse the* spectral content 
onto a aecond reading element; wherein in use fee cemfefeation of fee aecond maplacmg 

^andfeesec^ndo^ucal^ a 
optical delay betweenfee wayetrains of fee secondrelatively displaced object beam and 
thesecondrelativelydisplacedreferencebe^ 

di^oemfeefeterferometerto ^^^^^^o^o^ 
daffcxencemfeefeterferometeronfeeseo^ : 

The second displacing means may produce fee second relatively displaced object beam 
andfee secondrelatively displaced reference beam by using one or ^combination of 
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lection, deflection and reaction of at least one of <he second object be*n snd the 
second reference beam- 

T^memodmay comprise ori^ 

second optical dispersing means in such way that in coxnbi^on^fhrfri^P^ve 
relatively displaced object beam and relatively displaced refe^peebeam, the spectrally 
dispersed beams fro* *e optical spectrum dispersing means and ^second optical 
spectrummsperstog^ 

The second reading element may provide a signal te a second eigiialj^alyser, and the 
method further comprise providing a profile of reflectivity verso* optical psih difference 
for (he target object covering both signs of optical path d^erence values on the basis of 
signals output from jhe signal analyser and the second signal axialy**. 

A signal output of eiach of the reading element and the second reading element may be 

sent to a separate frequency to amphtude c<mverta>e apparatus 

that the output of one frequency to amplitude converter is summed to an inverted output 

of the other frequency to amplitude converter in order to provide a signal strength 

p r oportionaltomej*ialpositi^ 

Themelhodmaycornpriseusi^ 

displacing means and the optical spectrin dispersing means to receive the relatively 
displaced obj ect beam and the relatively displaced reference beam tod to produce a 
third relatively . displaced object beam and a third relatively displaced reference beam; 
usmg third displacing means to adjurt me mlative displacement of at least one of fee 
third relatively displaced object beam and the third relatively .displaced reference beam; 
^ing third optical ispectrum dispersing means to receive the third relatively displaced 
object beam and me third relatively displaced reference besm, andto disperse their 
spectral content onto a second reading element wherein ihuse mccomWnation of the 
third displacing means and the third optical spectrum dispersing means is creates a third 
intrinsic optical delay between the wavetrains of the third relatively displaced object 
beam and the third relatively displaced reference beam wMch can be used with the 
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opticalpathdifl^ 
opticdpamdifiW 

Tte third displacing means may adjust the relative displace* of at least one of (be 

^oneoracombtoa^^ 
linrdrelativelydispJacedobjectbeanaa^ 

^ememodmayiurtherco^ 

analyser (or third signal analyser) in such away that only two meto^attreWm 
total in the accumulated signal output of the signal analyser and thep econd signal 
analyser (or third signal analyser), and Mn^tettUn*i^d» Object on Ine 
b asis of the difference between the maximum and intoimum frequency of the two peaks 
arising at the output of one of the signal analyser and me second signal analyser Car- 
third signal analyser) when no other signal exceeds a threshold -at tJ» output of me other 
of the signal analyser and the second signal analyser (or mirdsignil analyser). 

the method may further comprise arranging the signal analyser an| me second signal 
analyser (or third signal analyser) in such a way that only two.nu&jj peak? are retained in 
total in the accumulated signal output of me signal analyser and the second signal 
analyser (or third signal analyser), and determining the tmclw^we object on me 
basis of the sum of the extreme frequencies of the signal analyser and the second signal 
analyser (or third signal analyser) when the signal exceeds a threshold only once in me 
output of each of me signal analyser and the Becond signal analyser (or third signal 
analyser). 

A thresh-holding cir cuit may be mounted at the output of each of 4e signal analyser and 
me second signal analyser (or third signal analyser) to discard non^sential peaks 
which represent noise and peaks from the target of smaller amplitudes in such away 
mat only two main peaks are retained in total in accumulated signal cutout of the signal 
analyser and the second signal analyser (or third signal analyser). \ 
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Thenovel features which are believed to be characteristic of the presebt invention, as to 

its struck* ".^^-^-^rf*^^^^ - ^ 
and advantages thereof ^ be better nndex^tood ftom the foUowing drawings in which 
presently prefect embodiments of the inventionwmnowbe muati^tedby way of 
example 

It is expressly understood, however, that the drawings are for the purpose of umstralioii 
and description oidy and are not fo^^ 

Embodiments of this invention will now be describedby way of example in associanon 
with the accompanying drawings in which: 

Fig. 1 shows prior art of a spectral OCT; 

Fig 2 shows aprior art apparatus in which foe two sides of mobeafs inside a 
Michelson interferometer are split in order to gene^ Talbot bands; 

Fig. 3 shows a first version of foe embodiment of an efficient optical configuration to be 
used in a spectral interferometry apparatus selective in OFD in order to deliver un- 
ambiguous A-scans ma mum^layered object; 

? ■ i 

Figure 4 shows a comparison of depth profiles deliveredby foeprio3r art apparatus 
shown in Fig. 1 an^foe embodiment of foe mventionahown ihFigH;3. 

Fig 5 shows a second enfoodmiem of a spectra 

foe invention that is selective in OPD which can deliver OCTB scan images or 3D 
volumetric data of!a scattering or multi-layered object; 

Fig. 6 shows a tmrd embodiment of a special interfering 

invention that is selective in OPD which can deliver OCT B scan images or 3D 

volumetric data of a scattering or multi-layered object . 
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^ embodiment of a spectral interfi^etry accorfing to 



Fig. 8 shows a fourth embodiment of a spectral interferometry appwsfcw 
the invention; 



according to 



R fr 9sk>wsamom 

mterferometry apparatus according to the invention in order to provide signal 
irrespective of the QPD sign; 

^lOa.Fig.lCfcaridKglOc.i^theA-.^o^utoftte 

Kg lla,Fig.llbandFigllc. show the output signal of a art ^aratos equipped 

withphaaeshirungiiterte^^ 

terms; and 

Fig. 12 shows reposition tntfking signal of the axial posto of a flayer object 
that can be delivered by embodiments of the invention. 

• . t 

Components which are 1he same in the various figures have been d^gnated by ^ 
same numerals for ease of understanding. 

Where optical fibrea are used, this is only as an example and it should be noted that a 
bulk implementatibn ia equally feasible, in which case the respective elements using nv 
fibre components, are to be replaced by optical paths and the directional fibre couplers 
by plate beam-sputters. Likewise, where bulk components are used, they could equally 
be replaced by optical fibre components. 

The novel features which are believed to be characteristic of the present invention,, as to 
its structure, organization, use and method cf operation, togemerwithfiirther objectives 
and advantages thereof, will be better understood fixmi^ 
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Fig 3 showB a spectral i^erometry app.ratus 100 according to a fi^ embodiment of 
the present invention. The apparatus 1 00 is selective m OPD and is capable of 
generatingunambiguons A-scans based on awHteHgbtir^erometfr. Different 
interferometer configurations canbe envisaged to produce two bean^ an object beam 
directed to me target ai^^ 

a re-circulating reference beam configuranOTisiUusn^inHg.3. j 

As opposed to prior art implementations of spectral (<>r Fourier domain) OCT, in wHch 
me two beams from the object and from the reference paths are. spatially superposed on 
the spectral analysing element, in embodiments of the present toventionihe two beams 
are relatively displaced from each other on the spectral anarysingel^^ 
atrangements.fbrexa^ 

4,932,782, or 5, 317,389 mentioned above, in the mterfcrence result^ sent to the 
dispersing element, ie the interference has taken place before the disjperrioh 
(diffraction), m embodiments of the present mvention,* 
place after dispersion (diffraction). 

The apparatus shown in Figure 3 comprises a source 1, a cdlnmatm| element 2 and a 
beam splitter 4. A first-optical path 41 is denned in me apparatusihat leads from the 
beam splitter 4 to a target object 55. A second optical path 42is defused, in the apparatus 
that leads from the beam splitter 4 to a mirror 52 via two re-circulating 
62, which are arrayed on a translation stage 63. A third optical path is defined in the 
apparatus that leads from the beam splitter 4 to anunor51. Azoontelement32is 
arranged in the second optical pain, and a zoom eleinem 31 is placed m me third optical 
path. Optical spectrum dispersing means for spectral analysis, 7 is arranged to receive 
optical beains that toveb^ 

mirrors 52 and 51. The optical spectrum dispersing means 7 disperses the different 
waVelengfh components of the optical beams at different angles accruing to their 
wavelength, onto a reading element 9, via a focussing element 8. The reading element 9 
provide* an electrical output to a spectrum analyser 91. A processor 46 controls the 
parameters of the spectrum analyser 91 in terms of acq>nriti<mrate;andbandwidm and 
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processesitsoutputsisoslwhil.atlJie.ainetime syncln^sly cctols theposition 
of .the translation stage 63 and the mirrors 51 and 52. 

Ihthe apparatus of Eg. 3, an opt^^ 

oollimating element 2. to form an optical beam 3 . In this embodiment the collmaatmg 
element 2 is a simple lens, but in other embodiments it cduldbe an s^htoniat, or a 
miiror or combination of lenses or mirrors. 

The light ftom the beam 3 is dividedby me beam-splitter 4 nitotvro;beam^ 
optical path by object optics to form the object beam 41, and along i second optical pafh 
by reference optics to form the reference beam 42. On tetom jfrom 1$e target object 55, 
the object beam 41 is reflected by the beam-splitter 4 alongtoe toirdjopticid path in the 
object optics. The object beam flx>m the third optical pafo isreflectejd by the minor 51 
to produce arelatively displaced beam 41'. The reference beam 42 U reflected by the 
two min-ors 61 and 62 and feenby the reflective el^ 
displaced beam 42'. In this embodiment, the comb^ 

61 snd the reflecting; elements 51 and 52 act as displacmg means, 5|, as shown by the 
dashed block in Figure 3. 

The two beams 41' and 42' are relatively displaoedfeom each cthe^ to the displacement 
plane, which could be identical with toe plane of the drawings, to sitoh a way to 
maintain the parallelism of beams 41' «md 42% and such a displace^e^ may exceed 
meir beam diameter and a lateral gap g created between fo^ Tbe twomhrors, 61 and 

62 are arranged onthe translation stage 63, wmch is used to adjust She OPD to me 
interferometer between the object beam path, formed by the round trip path length along 
the first pato 41 and along the third palh of the displaced object beam 41' up to the 
dispersing element 7, or up to fee reading dement. 9 for no overlap^ the displaced 
beams snd the reference beam path formed by the length of the second pato 42 and the 
length along the path of the displaced reference beam 42' up to toe dispersing element 
7. or up to fee reading element 9 for no overlap of the displaced b^ams. The lateral gap 
g between the two beams 41 'and 42' can be altered by moving diner the mirror 51 or 
62 or the minor 52 in toe direction shown by arrows. In other embodiments, the 
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reflectiveelementS2^^ , 
values of the gap are required, approach** zero value, or whenlateral superposttionof 
the beams is required, then <he reflective element 52 comprises a beam-splitter. By 
adjusting** amount of lateral superposition of the lateral gap, g, fhe:intrinsie delay 
between the wavetiains in the two relatively placed beams can be ^justed. If the 
second path via mirrors 61 and 62 is routed to the right in the figure, (by havmg 61 
rotated by 90°) and not to the left as shown in Fig. 3, men mirror 51*eeds>to be a 
beamsplitter. The zoom elements 31 and 32 are used to adjust me difneier of the beam 
falling on the optical spectrum dispersing element 7, and m^embodn^ 
elements31 and31 comprise a set oftwo lenses 311 and312and 321 and322 
respectfully. By modifying the focal length of me lenses 312-and 322 in relation *> the 
focal length of the lenses 311 and 321, the beam diameter faffing onthe element 7 can 
be de-magnified or nn^nified. 

It should be noted that, for the purposes of this description, the termfe "relatively 
displaced object beam" and "relatively displaced reference beam" will be used to refer 
to the respective directions of the object and reference beam that haye been displaced 
relative to each other. Ho wever, it will be readily unaerstoodby tho;seskffledmmeart 
mat the relative displacement could be introduced by displacing either the object beam 
w the reference beam, or both. Therefore, it will be understood tha#e use of the terms 
"relatively displaced object beam" and "relatively msplaced referen^ beam" d^ not 
exclude apparatuses in which only one of the object or reference direction is displaced. 

Furthermore, the object and reference beams in every embodiment ^ould be displaced 
. by deflectors suitably oriented, optic-optic modulators or by refi^tiveelemenia 
iirtroduced in one or both object and reference beams. 

Here by way of example, the two beams are spatially dispW so as to fafi on different 
portions of the dispersing means 7. while they are maintained parallel, for ease of 
description in relation to a simple dispersing element such as a diffraction grating- This 
however should not restrict the generality of displacing the two beams in relation to 
each other which in more complex spectral analysing elements may involve the two 
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^ fce effect of tox.Mvdydisptac^th^T.ringtte g^-of m 
tatttadc diffi»n«M delay betwo* the two din>=»=d at fl» of ft. 
dispersing means. 

fcthis embodiment, the optical spectrum dispersing element 7 is a diction grating. 

exchedbytbeobjectbeam*!' and** grating lines by the referenc*beam42 .Varying 

^ bea m diameters can also 

to completely annul** gap between the two 

the beams. 

border to maxintize the interference and b^*^^ 

is shown the reference optics and is used to match P olarizatic»n8m% object and 
reference optics: Only one element, 80 is shown m Kg. 3, which may suffice formo* 
of the practical situations. However, one ox more polarisation c<^Uers can also, be 
used in the object optics as well. The polarization controllers used in this embodiment 
are polarise* in bulk. However, in-fibre polarisers, or a wave^latejin bulk or m-fibie 
and any combination thereof can be used. 

' : - 

The tight diffracted by the diffraction grating 7 is focused.by a cenfergem len^ 
the reading element In this embodiment me reading element is a CCD array 9. It is 
known in the art that for optimal operation, the lens 8 is placed at the distance F from 
the diffraction grating 7 and at the same distance F from the CCD array 9; where ^« 
the focal length of the lens 8. Other spectral analysing set-ups could be used witnout 
diverting from the scope of the invention. For example, in ^ embodiments, the 
optical spectrum dispersing element 7 could comprise other dispersing means such as a 
prism, or a groups of prisms or dif&aotion gratings. Furmermoro. in other 
embodiments. theCCD array 9 couldbe replaced by aphptcdetecfor array, or by a 
simple photodetector, in which case the dif£^ or dispersed b^ 
spectrum dispersing element 7 couldbe scanned over a point photbdetector using an 
angular scanner such as a galvo-scanner, resonant scanner, polygon mirror or rotating 
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prism. My ixnpleraenUon. could be used, that is c*erable to Droduc^an electric signal 
w hi<m varies* time aco^ ■ 
the superposition of the dispersed fen of rays due to the relatively displaced beams 41' 

and42\ 

The signal output of the reading element is processed in an elec^d pxooessor to 
extract the A-scan profile from the periodicity of the modulation oflfce optical spectrum 
as read by the reading element 9. A-scau is the profile of reflectivity^ deplh. This is 
usually accoinplished by Fourier transfonnation, however, otoer prpqbdures can serve 
the same goal, such as I^lace,^^ 

together with spectral smoothening using different shaped kernels, z#o padding, 
Eolation to provide a hW scale m 
known in the art of spectral analysis. 

In this embodiment, the displacing means is controlled by the processor 46, which 
controls the adjiistoent of the positions of the re^arculating riurror <jl. rejecting 
elements 51 and 52 and the zoom elements 31 and 32. However, in other embodiments, 
the displacing means could be adjusted manually, or by at other suitable means. 

In order to understand the operation of the «J»dta*otittPlg:'3,^cnn^^1» 
described with reference to Fig. 4. In this example, the target object 55 in the 
arrangement shown; in Fig. 3 is mmti-laycred, and comprises four layers: LI, 12, L3 and 

L4. 

Fig. 4 shows comparatively, the depth profile delivered by the prior: ait method 
discussed above in relation to Kg. 1, and the method according to embodiments of the 
present invention, pifferent cases are iUustoated, as ; shown by the output peaks, at 
fluencies Fl , F2, F3 and F4 corresponding to the modulation of the channelled 
spectrum as measured by the electrical spectrum analyser 91, and each frequency is 
proportional to the OPD in the interferometer that corresponds to the depth of the layers 
LI to L4 of the target object The outputpeaks are denoted as meirfrequencies in the 
foUowing description. Peaks Fl to F4 result by performing Fourier transformation of me 
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optioalspe^usingtbe* 

channelled speotxum, and the higher the frequency F of the signal corresponding to that 
OPD. Peaks Fl to P4 are represented along the electrical frequency axis, f. 

hi case (a), the OPD = 0 surface is in front of Ihe multi-layered objept m oases (b), (c) 
and (d) the OPD = 0 ; surface is within the multi-layered object. The ^sitioh where OPD 
= 0 is indicated by the dashed line. Such a position is detennined byifhe position of the 
translation stage 63 inFig. 3. In the cases (b), (o) and (d), the position at whiehme OPD 
is zero is adjusted between the OPD position matching the depm of ke second layer L2 
andtheOPDposmoninati^theui^ 

second layer is. Cases (o) and (d) correspond to the situation m whidh the OPD has a 
particular sign only, and correspond to the L and R cases discussed ifcovem relation to 
Figured 

In case (a) r the priorart outputs a channelled spectrum whose Fourijsr ^ectrum has 
peaks at frequencieaFl to F4 whose positions resemble that of me layers LI to IA m 
depth. This corresponds to a correct detection of layers in depth and to correct 
tomograms (A-scans). 

j: 

However, when the OPD - 0 surface is inside the niiun-layered objject, me prior art 
method deHvers^ 

F2 do not correspond to the depth of layers LI and L2. Furmermor^ the peak F2 is 
almost superposed the peak F3, being only slightly shifted. towards me origin relative 
to F3. This slight shift being because the initial OPD «= 0 was closet to layer L2 than 
layer L3. Only the peaks F3 and F4 have correct positions. 

Fig. 4b illustrates that for layer depths of OPD > 0, i.e. when the object path is longer 
man the reference path, correct detection of the peaks will occur. However, incorrect 
detection will occur for layer depths when OPD < 0. 
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If embodiments of the invention described in relation to Fig. 3 are employed, thenme 
signal as described in Fig. 4 (c) results. In this case, only the peaks F3 and F4 axe 
obtained and peaksFi andF2 are eliminated. In other words, aU layers situated at OPD 
< 0 are eliminated from the spectrum, leaving a clean output with strict resemblance of 
the muhvlayered structure in depth for OPD > 0. It "will be apparent mat, if the two 
relatively displaced beams 41 ' and 42' directed to the diffraction grating are swooped ox 
if the grating rotated in such a way that the diagram corresponds to me case R as 
described in the two Podoleanu's papers mentioned above, men pulses Fl and F2 will 
correctly display the depthposition of layers LI and respectively I^.^hile the pulses 
F3 and F4 will be eliminated, as shown in Fig. 4 (d). The same explanation will apply if 
OPD in the interferometer is defined by deductmg me objectpam^^ 
path, and the initial OPD between the two beams incident on the diffraction grating is 
suitably defined. 

The role of the zoom elements 3 1 and 32 ia to give more freedom tn the adjustment of 
the OPD range than provided by the screens 20 in the prior art apparatus of Fig: 2. 
Based on the explanations above, if the diameter of the relatively placed objectbeam 
41' is such as Ho gating Unes are excited, men me object wave-trairi is long after 
the grating. Similarly, if the iSaa^<a^xdh^hcm^i»^9B^B^ 
lines are excited, then the reference wave-train after the grating is Uf* long, m the case 
U there is an mtrinsic delay PX+WVb between the leading edges of the object and 
reference wavetrains after the grating and an mtrinsio. delay of tX+fa* between the 
trailing edges of the; object and reference wavetrains after the grating In me case 
there is an intrinsic delay PA. between me leading edges of me object and 
. reference wavetrains after the grating and an intrinsic delay o^^ 
trailing edges of theobject and reference wavetrains after the grafefc. 

If the gap g between the two relatively displaced beams 41? and 42* is such as P grating 
. lines are not excited, then the minimum OPD required for interference of the two wave- 
trains in the case L is given by. 



OPTi^PX+Lc 
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and the maximum OPD when there is no overlap of the wave-tains is given by: 

OPIW - Pi- + WV*. 

In the case R, Ihe sign of the OPD™ and OPEW in the two equations above will 
change. Thus, by adjusting the gap between the two relatively displ|ced beams and their 
beam diameter, the range of measured OPD can be conveniently adjusted. 

As explained in Podoleanu's papers mentioned above, the visibility^ the channelled 
spectrum depends on the amount of overlap of the two wavetrsins, Therefore, in the 
case L discussed above, when each relatively dispiabed.beam covered WJZ grating line, 
the visibility increases from zero for OPD - Lc to a maximum when the OPD = NX/2, 
In order to enhance the strength of the signal for small OPDs, it ma|r be desirable to 
partially superpose.laterally the two displaced beams. This reduces be intrinsic delay 
between the wavetrains in the two relatively displaced beains to less than NX/2. 
Consider that S grating lines are covered by both laterally displaced: beams. This will 
have the disadvantage of allowing scattering points in the range OP!p < 0 to generate a 
nonzero visibility.: More precisely, peaks will be produced in the Fpurier spectrum of 
the signal delivered to the analyser 91 for OPD >GPD V i a '^-SK. ; 

Peaks in the range -Sk to U will be superposed to peaks cjorrespcmiamg to me range U 
to Sk leading agahi to an incorrect A-scan profile. However, if me region of OPDs in 
fiont of the tissue is clear up to OPD = ihen no peaks will appear in me Fourier 
spectrum allowing for such an adjustment to be pe^rmed;wim the advantage of 
enhanced strength of the A-profile for small OPD values. 

Fig. 5 is a diagram showing a second embodiment of a spectral intftrferoinetry apparatus 
selective in OPD according to the present invention. The embodirSisnt shown in Kg. 5 is 
similar in construction to ihat described in relation to Fig. 3, but additionally comprises 
a generator 34 connected to the processor 46, an XY scanner head 10, scanning optics 
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12, and a focussing element 15. The qfmtobmm&tal&bm&ri*^ 
but also 3D tomograpbio volumetrio data ftom a multi-layered object 55. 

Let us consider the direction of the emergent object beam 41 out of the XY scanner 
head 10, when not driven, as defining the optic axis. Consider a coordinate system in 
which X and Y are coordinate axes in a plane perpenmciilar to the optio axis, and Z is a 
coordinate axis parallel to the optic axis. 

. . . jj. 

The XY scanner head 10 is provided to scan the object beam 41 ove| the target object 
55 transvemlly via jme scanning optics 12. A focusing element 15 f|cuses. the light on 
the target object 55,; for example tissue, tobe examined. Without loss of generality, the 
retina of an eye is shown in Fig. 5 as the target area oftheo^ect55|ar^^ focusing 
element 15 is the eye lens. If the tissue 55 is skin, then foe ^sjaonmigfrptics 12 is 
modified in such a way that the rays after the focusing element 15 Vjpuld normally 
evolve parallel with foe depth axis. It will also be appreciated that Rousing can also be 
performed by altering the optics inside the scanning optics 12, or bjf moving the 
collimating element 2, or by adding suitable optical elements berween the beamsplitter 
4 and the scanner head 10. Such elements used separately or together perform the 
function of focusing means applicable to multi-layer objects 55 such as retina of an eye 
or skin. The scanning is under foe control of foe generator 34. For ejaeh point (X,Y) in a 
transverse section, an A-scan is generated by foe apparatus, using the same elements as 
the embodiment in fig. 3. When one scanner is fixed, a section in die tissue in foe plane. 
Q^Z) or (Y,Z) whire Z is oriented along foe depth can be obtained! This is called an 
OCT B-soan image according to the terminology in ultrasound. When B-ecans are 
repeated along the other coordinate axis, Y or X respectively^ the whole volume of the 
tissue can be investigated. Alternatively, foe two coordinates couldifee polar in the 
transverse plane rectangular to foe optic axis. Furfoermore, foe scanners can be driven in 
suchawayto generate a circular shape in a transverse section, in which case foe B-scan 
image is along the lateral size of a cylinder oriented along the depth axis. 



The processor 46' in Fig. 5 has further tuturionality to ihat descrfoe^mreMcmtoFig. 
3, in the sense that generates B-scan images from A-scan profiles and synchronises foo 
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A-*can generation of the analyser 91 with the movement of the one or bom transverse 
scanners. More functionality is mmired in generating 3D volumetric data when many 
B-scan images are produced in synchronism with controlling both scanners in the XY- 
scantier. 

Fig. 6 shows a third! embodiment of a spectral mterferometry appara^ seleotive in 
OPD according to the present invention. This embodiment can be u&d to deliver OCT 
B scans and perform 3D investigation of a multi-layered object 55. |n this embodiment, 
a hybrid configuration of optical fibre and bulk optics is employed^ 

Ihe emboclimeni shown m Fig. 6 enmloys a sm^ 

tight from a source !l into an object beam at the output of a ifibreleajl 36 and a reference 
beam at the output of the fibre lead 38. The fibre lead 36 is arrange! to feed light into 
the animating element 2, The remainder of the objetfpatf optica <£f Fig. 6 are similar 
to those discussed in relation to Kg. 5. The light coffimated by the Rousing element 2 
forms the beam 3 that is sent via the beamsplitter 4 along aifirst optical path 41 towards 
me scanning demeU 10 via me scaanmg o^ 

55. The back-Bcattered tight from the object 55 returns along the &|t optical path 41 
and is deflected by the beamsplitter 4 along a third optical pam that 
via a zoom element 31. 

A, fibre loop 49 is provided before the output of the fibre lead 38, apd menbre lead 38 
is arranged to fecdjlight into the collimator 33 to form the reference beam 42. This is 
sent along a second optical path 42 to a mirror 52* via a zoom elenjent 32. In this 
embodiment, the fibre lead 38 is positioned on a transition stage 8f, which is itself 
positioned on a transition stage 63. The function of the transition stage 63 is the same as 
described above in relation to the previous embodiments. The transition stage 81 is used 
to move the position of the fibre lead 38. In other embodiments, the transition stage 81 
need not be present. 

For polarization matching, a supplementary polarisation controller^ is provided in the 
fibre lead 36 in the object optics in addition to polarisation controller 80i?rovided for 
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the free space beams preference optics. As for the previous en^c^orts, me 
polarisatioii controllers are not essential, and can be removed, 

As in the embodiment of Fig. 5, Hie mirror 51 and mirror 52 are used b displace the 
obj ectandthe reference beam laterally in relation to each ofoer. to create the relatively 
displaced object beam 41' and relatively displaced reference beam 42| , beforehittfng 
the spectral analysfogelement 7. As with the previously diseased embodiments, the 
mirrors 51 or 52 could be replaced by beamsplitters. 

To adjust the position at which OPD = 0, different implementations are possible as can 
be envisaged by those skilled in the art. One such possibility >!■ showi in Pig. 6, where 
the end of me fibre lead 38 and collimator 33 m the referace.pamarfe placed on an 
axial scanner 63 andfoe fibre lead 38 is equipped with a fibre loop 4£» to allow &r 
movement. 

K will also be readily apparent to those skilled in the art fhatifoe bea|i diameter of me 
relatively displaced reference beam 42* can be adjusted using collidatmg elements 33 
of different focal length, and that the zoom element 32 can be removed. Similarly, me 
beam diameter of the relatively displaced object beam 41' can be adjustedusing 
collimanng element 2 of different focal length andlhe focus elements along me first 
path, in which oase the zoom element 31 can be removed. 

m Ms embodiment the positions and tilts of the mirrors Stand 52 are adjusted 
manually. However, \ it will also be readily apparent to those skilled in foe art that the 
displacing means can also be put under the control of processor 46 to adjust the gap 
between foe two beams in the displacement plane in ord^toadjust;foen3hnmumpath 
difference to be sensed. For instance, this could be implemented m ;Rg. S by using 
another translation stage in top of foe translation stage 63 to move foe xnirror 62 in foe 
direction of foe arrow, or both mirrors 61 and 62. 

Furthermore, it will also b e appreciated that foe transition stage 8 1 pan also be used to 
adjust foe relative displacement of the beams in foe arrangement shown in Fig. 6. The 
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translation stage 81 can move the fibre end 38 and focusing element 33 in a direction 

perpendicular to the arrow of moving translation stage 63, and in the plane of the 

drawing, thus affecting the displacement of the beams and acting as cfiq>lacetnent 

means* 

It will be understood that in Fig. 6, the beams 42 and 41 may jbe in different planes to 
each other and may lie outside the drawing plane. In these circumstances, the reflectors 
51 and 52 are used to i compensate for such misalignment and to put the beams 41* and • 
42' in "die displacing plane before hitting the dispensing element 7- Thjfe displacing plane 
of the two beams AV and 42' may be out of the plane of the drawing as well- In such a 
case, it is essential th&i the dispersing element 7 is tilted, in sUch a way that the normal 
to the surface of the prism (or first prism) or diffraction grating (or firjst diflricting 
grating) in the element 7 is perpendicular to the line connecting the centres of the two 
displaced beams drawn in a direction perpendicular to the ttvo beams. It will be 
understood that the direction of spectrally dispersed rays after the eleainent 7 comes out 
of the drawing plane,: and therefore the focusing element 8 arid "reading element 9 have 
to be realigned to maximise the contrast of the channelled spectrum, fie. the normal to 
the centre of the focujsing element 8 and to the centre of the reading ejement 9 are in the 
new plane defined by the fan of dispersed rays. 

A fourth embodiment :of the invention is shown in Fig. 7. This embodiment is similar to 
that described in relation to Fig. 6 and illustrates another possibility for displacing the 
object and reference beams in order to produce relatively displaced beams.. 

• T 
: . *. I. 

In this embodiment, a single mode directional coupler 40 splits light from a source 1 
into an object beam at the output of a fibre lead 36 in object path optics and a reference 
beam at the output of the fibre lead 38 in reference path optics. 

The objeot path optics are similar to those described in relation to Fig 6. As for the 
arrangement of Fig. 6, the reference path optics comprise a fibre loop'; 49 provided 
before the output of the fibre lead 38, and the fibre lead 38 is arranged to feed light into 
a collimator 33 to foim the reference beam 42. The fibre lead 38 is positioned on a 

i y 

transition stage 81, which is itself positioned on a transition stage 63. ; The Amotion of 
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the transition stage 63 is the same as described above in relation to the previous 
embodiments. 

In contrast to the arrangement of Fig. 6, the beamsplitter 4 in this ^jbodiment is used 
by both object beam 41 and reference beam 42 and the gap. between tijie two displaced 
beams is adjusted by moving the stage 8 1 which holds the fifcfre end 3$ and collimator 
33 laterally. 

• * * "i ■ ■ 

Therefore, in this afraogeonent, the beamsplitter 4 not only functions as the main splitter 
in the object path optics but also as a mirror for the purpose of di^lajiing laterally the 
reference beam 42. Therefore, the displacing means in this embodimqjat includes the 
means to move the fibre end 38 and the beam splitter 4. 

la the arrangement shown in Pig 7, the ratio of the beam splitter 4 is sttch that the 
object beam returned from flie target object 55 incurs little attenuation whidh is 
achieved by beam splitter 4 having larger transmission than reflection: coefficient. It will 
be appreciated that the arrangement of Fig. 6 will have a larger reflection than 
transmission coefficient 

In this embodiment alfbrther minor arrangement 58 is arranged to receive the relatively 
displaced reference beam 41' and the portion of the. object beam that passes though the 
beam splitter 4 having been reflected from the target object 55. This, mirror arrangement 
58 is used to tilt the beams from the beam splitter 4 in order to flirthex adjust the relative 
displacements. However, in other embodiments, the mirror arrangement need not be 
present and the displacing means could only comprise the combination of the beam 

splitter 4 and the transition stage 81. 

: • 

: J t 

Zoom elements 31 and 32 are provided in the path between the minor arrangement 58 
and the dispersing eletaent 7. These zoom elements can alter: the diameter of the 
relatively displaced beams in the same manner as discussed above. It will be appreciated 
that, as for the above described embodiments, the zoom elements 31 and 32 are 
optional. The zoom elements could also be placed before the displacing means. 
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A circulator with three input ports could be used to replace the beamisplitter 4 in both 
the arrangements discussed with reference to Fig. 6 and 7 in order to improve fee 
collection of signal fcack-reflected from the object 55, in which case the circulator input 
(first port) is tied up (directly to the fibre 36, the second port is directed towards die 
scanner head 10 and -the third port can be used to send light via a collimator towards the 
minor 51. Even morp, two such circulators could be used, as shown in Fig. 8. 
A fifth embodiment of the invention is shown in Fig. 8. In this ernboc&nent, both the 
object an reference optics use in-fibre circulators . 

I " " . 

Ih this embodiment, a single mode directional coupler 40 splits light jfrom a source 1 
into an object path and a reference path. Light travels along the objecjt path to an object 
circulator 71. Light output from the object circulator 71 is sent towaijas fee target object 
55 in optics via a focusing element 2 and the light returned ffrom the target object 55 is 
sent back to the circulator 71 towards a fibre end 36. 



Light travels along the reference path from the single mode direcdonial coupler 40 to a 
reference circulator 72. Light output from flie circulator 72 is sent viS a focusing 
element 75, which in this embodiment is a lens, towards a mirror 74 on a translation 
stage 63. T he light returned from the minor 74 in the reference optics, is sent via the 
circulator 72 towards a fibre end 38. 

: • ■ . 

- • • !♦ 

' S ■ : **!•*« 

Light from the object optics is output from the fibre end 36 passes tteough a zoom 

element 3 1 , which in this embodiment is a gradient index lens (GRIN) lens; light from 

the reference optics is output from the fibre end 38 add passes through a zoom element 

32, which in this embodiment is also GRIN lens. In this embodiment, both the fibre 

ends and respective zoom elements are mounted on stages (riot showii) which can adjust 

the relative positions! of die fibre ends. 

The light from the zoom elements 31 and 32 then passes through a minor arrangement 
58. The two beams 41 9 and 42' output from the mirror arrangement 58 are relatively 
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displaced wifhi«spedtto each other and fell ott different portions of ftedispexsi^ • 
element 7* 

In this embodiment, the relative displacement of the beams 4V and 4p» (e.g. the gap 
between the two beatas 41' and 42') is adjusted by the combination of the mirror 
arrangement 58 suitably reflecting the beams, the stages (not shown);moving the 
relative positions of the fibre ends 36 and 38 and the GRIN tens altering the diameter of 
the beams (and thus the gap between them). 

i *••..- 
However, in other akbodiments, the displacement of the beams felling on foe 
dispersing means can only be adjusted by the mirror arrangement 58] withthe stages for 
the fibre ends and the zoom elements being optional. Furthermore, the displacement can 
only be adjusted by the movement of the fibre ends, with the mirror arrangement 58 and 
zoom elements being optional. In addition, the displacement can only be adjusted by the 
zoom elements altering the diameters of the beams, with the stages for the^fibre ends 
and the mirror arrangement 58 being optional. Alternatively, the displacement could be 
achieved by a combination of any two of the above three fectorB. 

i : ; 

' 

It will be appreciate*! that the gap between the beams 41' an*42 i oo!uld he made zero in 
Ihe arrangement of Fig 8 with the mirror arrangement 58 comprising a beam splitter and 
at least one mirror, dne mirror is used to turn the beam by 45? and then turned in the 
opposite direction by 45° via a second mirror and launched closely to the other beam, m 
this case, the gap is Ismail but it cannot be made zero nor the beams overlap. If the 
second mirror i B a beamsplitter, then the two beams can be brought to total overlap, as 
shown in Fig. 5. 

Other zooming elements could be mounted before or after the nurror arrangement to 
alter the diameter oif the beams launched towards the dispetsmg element 7. 

5 r. 
t * * 1 

Furthermore, transverse scanners can boused in the ; object Optics after the collimating 
element 2, or mamtained in fibre leading to amultiplexed array of sensors. These could 
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be used to scsd tiie t4get obj ect 55 in the manner described above in relation to Kgs 5 
and6. 

fothis embodiment, «» opu^alpa&dWc^cemmeinterfeOmeter is adjustedby 
movement of the transition stage 63 in this embodiment Alternatively, me OPD in me 
interferometer can be adjusted using what is called as me spectral scanning delay line, 
as described in US patent 20030137669A1, by A. M. Rollins, -Aspects of bade OCT 
engine technologies tor high speed optical coherence tomography and light source and 
other improvements in optical coherence tomography", where light is deviated 
angularly using a galvanometer mirror behind a difB^ongtamigof prism, which 
operates on the basis of transforming a linear phase in optical frequency in a temporal 
delay based on principles developed initially for processing bf femtosecond laser pulses. 
Such a memod presents me advantage of compensate 

scanning delay lines! in transmisBion can also be used in the embodiments in Kg. 3, 5, 6. 
7 and such a device! is disclosed in the US patent 6,564,089 B2, by X A. Izalt, "Optical 
Imaging Device", j 

A sixth embodiment of the invention will be described in relation topig. 9. m this 

arrangeme^ a relatively disp W objert 

beam 42' are ptovidW to a beam spUtta 99. The relatively disp 

produced in any ofine ways discussed above, e.g. by reflection, deflection, refraction, 

alteration of the beam diameters, movement of fibre ends or any combination of these. 

The beam splitter 99 therefore produces two sets of relatively dispW beams. One set 
ofrelarively displaced beams 41' and 42 are provided to a mirror atian^ 
can further adjust the relative displacement of thebeams. As showtfmHgure 9, me 
inirror arrangement 59 can adjust the lateral gap between the beam* from a value of g 
prior to the beam splitter to g' after the mirror arrangement 59. ^relatively displaced 
beams 41' and 42' 'are then output to dispersing means 7, which disperse their spectral 
content onto reading element 9 in the manner discussed above. The reading element 9 
provides an electrical output to a spectrum analyser 91. 
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The other set of relatively dispbced'beams 41 are provided to a second mirror 
arrangement 59' which can also further adjust the relative displacement of the beams. 
As shown in Figure $, the mirror arrangement 59' can adjust the lateral gap g between 
the beams from prior to the beams from a value of g prior to the beam splitter to g" 
after the mirror arrangement 59'. The beams output from the mirror arrangement 59' 
can be considered second relatively displaced beams 41" and 42". Tjihe second 
lehmvely displaced beams 41' and 42' are then output to second dispersing means 7\ 
which disperse their Spectral content onto a second reading element $' in the manner 
discussed above. The second reading element 9' provides anelectrical output to a 
second spectrum analyser 91'. 

As in the previously described embodiments, me dispersed light is fijcused : by elements 
8 and 8' on the reading elements 9 and 9'. From the above, it will tfe appreciated that 
the gap between the jtwo beams (i.e. g' or g") generates an kitdnsic delay in the 
combination of dispersing means, focussing element 8 and reading element 9 and a 
second intrinsic delay in the combination of the second dispersing mjeans, second 
focussing element 8 |and Beoond reading element 9. The orientation apd spatial position 
of the two dispersing means 7 and 7' in relation to the direction of the respective 
incoming displaced beams is such that the intrinsic delay and me second mtrinsic delay 
are of opposite sign.; 

In this embodiment, diffraction gratings are used as both the dispensing means 7 and the 
second dispersing moans 7, and the mtrinsic delay and the second inhinsio delay being 
of opposite sign is achieved by the diffraction grating in ^dispersing means 7 being 
arranged to diffract orders of opposite sign to the diffraction gratingiin me second 
dispersingmeansZ: 

If the dispersing mekna 7 and the second optical dispersing means 7;each comprises one 
or more prisms, the pne or more prisms can arranged such that one of tie relatively 
displaced object beam 41 * or the relatively displaced reference beani 42* is closest to 
prism apex in the dispersing means 7 and the second relatively displaced reference 
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beam 42" or the second relatively displaced object beam 41' respectively is closest to 
the prism apex in the second optical dispersing means. • 

As a consequence of the above, it will be appreciated that one spectral analyser 91 
outputs signal for crib sign of the OPD. for example for the positive pPD values 
("channel P")> while! the other spectral analyser outputs signjal for the opposite OPD 
sign, i.e. negative OPD values ("channel W^. 

The gaps g' and g" between the two relatively displaced beims in e^ch channel can be 
adjusted separately by mirror arrangements 59 and 59 s . hi this embodiment, the minor 
arrangements 59 and 59' comprise mirrors and stages similar to mosje described above 
in relation to Figs. % 5, 6, 7, 8 in order to displace the two beams laterally. However, it 
will be appreciated that any of the other elements that can &nn the displacing means 
discussed above could replace the mirror arrangements 59 arid 59*. Furthermore, it will 
be appreciated that only one such additional displacing means can sjiffice.. 

These use mirrors and stages similar to the procedures used in Fig. S3, 5, 6, 7, 8 to 
displace laterally the two beams. In principle, the two beams can evjai be taperimposed 
by using the displacing element, even if the initial gap, g, was different from zero. The 
use of two m>placement means allow separates adjustment in the two channels of 11» 
absolute value of the minimum OPD which can be sensed and of Hip position in depth 
where maximum sensitivity is achieved in each cinmneL ; 

! - ' • . ' i 

• i 

If utilised m combination with any of the embodiments discussed above, the electrical 
spectrum analyser 91 could be used to provide an A-scan for posraye (or hegative) sign 
OPD and the second electrical spectrum analyser 91' could provide; an A-scan for 
negative (or positive) sign OPD, 

: 1 
: . : 

hi this embodiment, a syntheaising element 92 is provided to receiye the output of the 
spectrum analyser and the second spectrum analyser 91% The syntheaising element 92 
joins the two A-scaris to provide an A-scan for double the range of depths given by the 
individual spectrum analysers 91 and 91*. 
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In order to make sure that each channel has viability Wop for on* sign of the OPD 
only such a dual channel embodiment requires there is no overlap of the two sets of 
relatively displaced beams. In mis way, there is no cross-talk between the two channels, 
P and N, U. for a given OPD of any sign, a signal appears at me output of either 
or 91' and never in both. 



If each channel has a 'range |OPDU - D, then the synmesismg element 92 will provide 
signal in the range -k> to D, i.e. double the range of each cbaamel, b f ^ « Sap » the 
centre, of -U to 1* OPD = 0. If the gap is larger than toe beanf diameter, men the 
nunimum |OPD| in iach channel exceeds the coherence length U anjl the gap about zero 

path imbalance widens, * 

r i * 

If the arrangement L Kg. 9 is used to build a B-scan OCT image buj of several A-scans 
in the range -D to D, then the image will have vanishing conttast (low contrast, tending 
to zero) in the middle of the image, about zero path imbalance. VThijtet mis may be 
considered disadvantageous for imaging purposes, it has flwf advantige that at no 
moment the image Wbe distorted by minor terms irrespective of the object 
movement Each pikel in the image will correspond to a given sign bf OPD only, with 
no cross-talk due to", the OPD of the same modulus but opposite sigt|. 

I' . * * j 

The A-soan oulput Characteristic of the embodiment in Fig.! 9 will be discussed in 

i • • 

lelationto Figs. 10a to o. 

Fig. 10a showsahj^oAetioal decay ofmereflecnwty 

considered as beinfc linear with depth. Fig 10b shows the two visibility profiles of the 
two channels of the arrangement of Fig. 9, one channel in the reghie L of operation 
selecting the posiuVe OPDs and the other channel in regime R selecting the negative 
OPDs, with the results summed up in the synthesizing element 92. ; 



13 Apr 2006 17:10 P. 69 



WO 2005/040718 . PCT/GB2004/004351 

47 . 

The combined effectjofthe overall visibility profile of the embodiment in Fig . 9 with 
the decay shown in Pig. 10a leads to a final decay in me range of negative and positive 
OPDs, as shown in F ; ig. 10o. 

Fox comparison, the joutput of a known method mat uses phase shifting mterferometry 
for removing the mirror terms will be discussed in relation to Fig. 1 la to c 

Fig. 11a shows a hypothetical decay of the reflectivity in depth Whi©^ for simpUcity is 

considered as being jlinear with depths the same as that shown in Figj: 10& 

i ■ ■•!..'•. f • 

The visibility profii the known method of avoiding me minor teWs by using phase 
shifting methods is shown in Fig. lib, with inaxnnum about OPDMJ. 

The combination oflthe decay shown in Fig. 11a with the overall visibility profile in 
Fig. lib leads to the resulting profile shown at Fig. He. 

i • ■ ' ' . ■ ' 

Both methods, that jaccoxding to the present invention as well as thai used in me art for 
avoiding muTor terms based on phase sh^ 

measurements lead|to a distorted A«scan pro^e. Boto method Outp^ no Fourier 
Transform signal, as no channelled spectrum exists for |OPD| less that the coherence 
length, however our methods delivers vanishing values for |QFD| jiist above me 
coherence length, While the phase shifting method delivers the nuoriinum strength 
signal. The metood according to the present invention enhances the-contrast of the 
image at two depths in 1he object while the known method in fee art around fee OFD = 
0. It will be appreciated mat, in both cases, the correct A-s<ian profile can be in principle 
inferred by deconvolving the outout results shown in Fig. 10c and fig. 11c with the 
visibility profiles & Fig. 10b or Fig lib respectively. However, to* method and 
apparatus aocordingto the invention are tolerantto the objertniov^ent while the state 
of the. art method Requires at least 3 measurements to produce the results in Fig. 11c 

i : '• 

The approximatedpiofiles of the A-scans shown in Fig. 10c and Fjg 11c consider a 
large depth of focus. In practice however, the confocal profile of the focusing optics 
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roa y be narrower ftJ the depth range D, m which case to infer the coirect profile of fthe 
A-scan, the visibility has to be multiplied with the confooal profile due to focusing. The 
difference in the visibility profile between that shown m Fig 1 0b and the state of the art 
shown in Fig. 1 lb, require* a different adjustment of the focus position in the target 
object, for example tissue. In the state of the art case, to condensate fo* thedecay in the 
visibility versus OPD, the focus is adjusted all the time deep in the ti ssue, while in the 
present disclosure, this focus may be adjusted either close to OPD - Ojor close to OPD - 
D - NX in order to fatten the overall sensitivity of fhe apparatus. 

I F '. ' 

m addition, su(^ eUodiments of tte 

selection in the OPD! value, where the focus may be adjusted;* coincide with the 
visibility maximum ibsition, close to NX/2, in which caae a narrow profile -results 
aioundNX^notpokbtewimthestite 

decreases with OPd| torn the maximum acMevedattheOPD^I^^showninFig. 
lib. j- 

The embodiment ddcussed in relation to Fig. 9 can be generalised to: reading S sensors 
or generating OCT ijmages from a target object 55 where different S Channels select 
their own OPD rang|e, with a distinct miiumum OPD and a distinct OPD value where 
the sensitivity achieves a maximum. ToacmevetHs, theb^hHter99couldbe 
replaced by several [optical splitters in order to provide, pairs of object and reference 
beanistoSnumber l 0fopticdd^ e rsmgmean 8 ,7,7%r%7"- ...eacjh equipped with 
their own reading elements 9.9'. 9". 9'". ... and their own displacing means 57, 57', 
57", 57"', ...Only Itwo channels were shown in Fig. 9, each sensitive to a sign of OPD, 
therefore named P and N. When several S channels are usedi some could be made 
sensitive to posMvfaPD. channels P and some to the negative OPD. channels N. 

Furthermore, although the arrangement shown in Fig. 9 provides ttf o relatively 
displaced beams (with a gap g) to the beam splitter 99, otter embodiments could 
provide the beam splitter 99 with object and reference beams with no displacement 
Such embodiments would then use a displacing means in each channel to adjust 1he 
displacement of the Yearns in each channel. 
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^i^ii^<.*»-*- h «^ , * ii! f fc *' ta 

imaging* 

: : 

Fig9 *howstwofreqLcytoan^^ ***** 
fromthe reading elements 9 and 9'. The frequency to a^UtofeconV^^ and 93 
perform conversion of the frequency of the signal delrve^me teeing dements 9 
and 9' respectively into noagnitode, irrespective of fl^signal.inpiitanipUtude,x.e.the 
larger the |OPD|, the higher the strength of the output signal. Hdwevet, if one of the 
signal out of the frequency to amplitude converters is *rvertedby an inverter 94 and me 
result summed, withmat of me other t*^±**^W*f~0* . 
950 is obtained that U proportional to the OPD, covering positive and negative values 
for meposmveandi|egative values of theOPD in me range of -D top. 

Similarly, partial usi may have the output signals 930 or 930% each; ft one sign of me 
OPD only, in tracking the axial position of a mirror. B will he apparent mat the same * 
true for embodiment such as^^ 

be sensitive to one sign of OPD only. Such embodiments, like that hi Fig. 9 or 
embodiments in Fig! 3, 5-8 equipped with one frequency to ampKtnde converter, may • 
have immediate application in the fast tracking of the axial posmonpfmecorneaof a 
living eye. 

i • ' 

Because the method according to the invention is sensitive to the OPD sign, a novel 
method can be devised to measure the thickness of a plate, such as a microscope slide. 
Let us consider thai the optical plate thickness is less man D/2, where D is me OPD 
range of each of the channels in an arrangement such as mat shown|inFig. 9. If fheplate 
positionrandomly oscillates along the depth a^menitispossible.mat: 

(a) Both interfaces are in the positive OPD range;. 

(b) One interface is in the positive OPD range and the omerjm the negative OPD 

(c) Both interfaces are in the negative OPD range. = 
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For cases a and c, when both interfaces are in the same OPD range, two peaks are 
present in the A-scan 1 of each channel while the A-sca^ ofthe othe^ channel does not . 
present any peaks. lJ this case, the thickness can be inferred by deducing the two OPD 
values < 5 orresponding to thepositions of the two peaks hi theA-scan* 
For oaseb the A-scans of the two channel*, eachpresents onepeakonly. In this case, 
the thickness could be inferred by adding the ^nenciea of^e two |eakB,.;with one 
frequency delivered ty each channel only. Alternatively, a sinhnxatidn of fee signals 930 
and 930* could provide the thickness. 

^respective of the case above, a, b, c or the processing meffipd usedjl A-scans delivered 
by the electrical signal analysers 91. 91' or the synthesiser 9^ or by ^l^quency 
converters, 93 and 93 *. the thickness value obtained is tolerant to tito. axial movement of 
the microscope slid^. r 



i 



This method couldbe extended to the.rapid measurement of the retina thickness tor 
topography or cornea thickness, tolerant to the axial eye movement^* avoid false 
results due to the noise, thresholding circuits can be used after each electrical analyser 



91 and 91'. 



While Fig. 9 is shoiyn as having amplitude converters 93 and 93' and signal analyser 
95, these are not essential if only imaging is required. 

The embodiments described above inflation to^g. 3, 5, 6. 7 and 8, having a gap 
between the two beams larger than the sum of the radiuses of the two displaced beams, 
produce an unique -selection in depth. A given OPD value is translated into a frequency 
value, f, i.e. into a repetition of peaks and troughs in the channelled spectrum if it has 
the accepted sign (i.e. pcsitive or negative depending on the arrangement). At the same 
time, the same OPD of opposite sign does not imprint any channelled spectrum. So, for 
tbe two cases, a frequency for no frequency is generated in the sigjaal ontput of the 
reading element 9 and the apparatus is so sensitive to one sign of OPD only. The 
apparatus could become sensitive to the other sign of OPD and still recover uniquely the 
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distribution of scatterers in depth in an object, or the distribution of OPDs in a 
distributed Bensor by modifying the optical source, as discussed below. 

: " , . ' 

If a low coherenoe sburce beam is sent via a differential delay, A, tojhe interfcrometer, 
then for OPD - 0, a Component corresponding to the differeshtial deliy is present in Hie 
channelled spectrunj of frequency In this case, the frequency oftite signal delivered 
by the reading element 9 for the given OPD value is again $ but anojher peak appears in 
the channelled spectrum, of frequency f+ If the OPD in the inter^ometer has 
opposite value, then| the modulation fiequency is f^L ^l^'^^BamttSgc^m 
of the OPDs according to their sign, where instead of having a frequency value or not, 
two frequencies different from zero are generated depending on the OPD sign. 

i * ; . r . 

To illustrate the principle, consider that the object has an optical thickness T < D, where 
D is the maximum depth range in the apparatus. Consider that the spectrum dispersing 
means is a diffraction grating. In this case, the maximum depth rang* can be 
approximated as D k (No +Nr)X. where No and N R are the number of grating lines 
covered by the relatively displaced object beam and the relatively displaced reference 
beam respectively, bonsider that the gap between the displaced bearins is larger than the 
sum of tiieir radiuses which makes the apparatus sensitive to one sigh of OPD only. 
Consider that the orientation of the grating is such that the apparatoi selects the positive 
sign of the OPD only. "When all layers in the object are in the positiye range of the 
depth, then all frequencies in the spectrum of the Bignal output of the reading element 
are in the range up ^o JcD» where k is the apparatus conversion ooeflicieht between OPD 

values and electrical* frequency. 

i ' ■ 

All layers are present in the A-scan delivered by the embodiment in Fig. 3 or in the B- 
scan images delivered by embodiments in Fig. 5-8. If accidentally me object moves 
closer to the apparatus, frequencies are generated for layers in the positive OPD range 
and no frequencies; are generated for layers of the object in the negative range. Consider 
the extreme case where the object is so close to the apparatus that ijts middle thickness 
corresponds to OPb = 0. In this case layers from T/2 up to T are delayed in the A- 
scans or B-scan images and layers between 0 and 112 eliminated. However, these layers 
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could be recovered if the low coherence beam coining from the source is duplicated and 
delayedby a differential delay. A, where T < A <dX Jnmfc case, the scattered around 
the top of the object produce a frequency close to kA while the scatterers around the 
middle of the object J frequency k(A - T/2). The layers from T/2 to T determine 
frequencies in hicreasmg order up to lcT/2 while the layers inlfce negative OPD range 
are Bent in inverse order in the range of frequencies k(A - T/2) to kA-jThe two parts of 
the A-scans or B-scahs can be syntoesised together to reconstruct toeifcnage by software 
means and give a correct image. If all layers go into the negative" OPf range, then » 
continuous complete iAHSoan or a continuous complete B-«oan is obtained for the 
thickness T, but oriented the other way around, from high to small frequencies. i.e. from 
k(d-T)tokA, however correct, wito no superposition of layers <nejniinOTtenns). 

There are different ways to create a rcphW a source delayed by A^ 

single mode coupler! in series could be used, with the two outputs of toe first coupler 

connected to the two 1 inputs of the second coimlerto tormal^hZshndar 

configuration. In this arrangement, the differential delay between to| two leads of the 

connecting fibres between toe two couplers mtroduce Ihe delay. At the output of the 

second coupler, twolreplicas of toe optical sources result, one fc* 

the two couplers in between. 

i • ' : 1 

Alternatively, mtroduc^^ ' 
Fig. 3, 5. can acoonjphsh the same task. The plate has to be Introduced into the beam in 
the configuration a! B according to the terminolbgy in Podoleanu'sjpapers. This means 
that the left and right parts of toe launching beam 3 are i^ 

plate is introduced with its edge parallel with the set-up plane. Whenusing a diffraction 
grating as the disposing element, the edge of the plate is perpendicular to toe diffraction 
grating lines. 

As another alternative, a cavity low coherent source 

i. 

coherent source is a laser, e.g. a laser diode, driven below threshold., to this case, the 
multiple reflections on toe cavity laser walls has; the same effect wfi toe introduction of 
toe delayedreplicai above using couplers or plates. The mundtrip vntiun the cavity leads 
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to the generation of repetitive replicas delayed by multiples of the cavily lengfo. 
Multiple peaks appear inthe electrical signal delivered by the electrical analyser 91 
corresponding to OPD values equal to multiple values of the cavity length, as shown by 
the experiments described in Podoleanu's papers, using commercial laser diodes, at 
multiples of 22. mm. \ . 

This principle oould also be used for instance in efficiently using the ppemiidscent ripple 
in the spectrum of superlumiscent diodes (SID) as well. SL3G>s are npn-cavity sources. 
In SLDs, one of the Waveguide facet is angled and anti-reflection CA|Q coated to avoid 
formation of a cavity and gain is obtained for rays traversing the aictiye medium once 
only. However, tilting the waveguide and AE. coating it does not eliminate the roundtrip 
of some rays within the active medium and SLDsiexhibit satellite pe&ks in their 
autocorrelation function at OPD values 2-5 mm. These satellite peaks practically limit 
the maximum range of OCT depth up to their OPD values. It is advantageous in tins 
case to introduce a differential delay using two couplers or a microscope slide plate 
which creates a differential delay A matching the satellite peak OPD; 

The intaxiuctian of jthe differential delay between thfc source and fhi apparatus or the 
utilisation of a multimode laser 1>elow threshold has the effect of shiSmg the dqrth of 

| ' * * ; i 

range of interest This could be applied in circumstapces when the fi-equency in the 
output of the electribal signal analyser is close to zero for a given 0£D of interest 
Instead of using a frequency component £ the fluency £Hk iaused. This is possible 
when using a differential delay smaller than half of the m a x im um depth iangs, D. This 
is restricted to thin bbjects with T< D/2, however the method is advantageous as it 
produces two A-scajns or two B-scan images, where the visibility of scattereis varies in 
opposite directions Iwifhin them. For the first tomogram (A or B-scan) in the range 0 to 
T, the visibility goes up in the first image, corresponding to frequencies up to fJ2 and 
down in the second image of frequencies fJ2 upto&* 

: ' ' 

s ! • ■ 

Such methods u gfofc a source with a delayed replica could also be used in embodiments 
having more than pne channel, such as those described above in relation to Fig 9.The 
embodiment described above in relation to Fig. 9, having a gap between the two beams 
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lar ger foan the sum of the radiuses of the two displaced beams, produces an unique 
selection in depth. A given OPD value is translated into a frequency value, f, Le. urfo a 
petition of peaks and troughs in the channelled Spectrum, and depending cm me OPD 
ago, will be delivered by the P or Ihe N channel. So the two frequences generated are f 
but they appear at different outputs depending on the OPD sign. 

• J i 

If the low coherence source beam is sent via a differential delay, A, into the 
interferometer, then for OPD «0, a component corresponding to the 'differential delay is 
present in the channelled spectrum of irequency %. in both charmed, P and N. In tin* 
case, the frequency for the OPD is again f, in the channel P, but another peak is noticed 
in the channelled spectrum of the channel P, of fiequency f+ 4 a|id fi-f in me other 
channel, N. If the OPD in the interferometer has opposite value, *en the modulati<m 
frequency is ffo foe ch^ This jleads ;to a different 

selection of the OPDs according to their sign, where different fiequWea are generated 
at two diEfereflt outp^uta., 

! ■ t. . 

Ofoerembod^entsiandalten^^ _ 
aj^aratuswmchhasjbeend^ 

departing from the spirit and scope of the appended clainia. For example, m 
. embodiments described with reference to Fig. 5. 6, 7.S, 9, the photqdetector array could 
be a two dimensional (2D) CCD camera. M suchia situation, efich row (column) could 
be utilized for the 4««tnun evaluation of the signal backscattered fiiom pixels along a 
transverse line in me target object 55, and the 2D transverse scanner can be replaced by 
a one dimensional (ID) scanner, to scan in a direcu^ perpendiculaf to that acquired by 
the CCD array, hi this way, three dimensional (3D) vohanetrie data^canbe acquired, 
with one traasversedirecuon covered by foe CCD anay aim the omk 
transverse direction covered by foe transverse scanner. 

' * ' I 

S I 

Alternatively, foe scanner in the object path can be efoninatedm w^nch case, when 
using a 2D CCD aijuy, OCT B-scan images could be generated using foe 2D CCD array 
only. 
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When using a ZD CCD array in the example* above, the beam 3 U co4toateduBmg1he 
element 2 along a line normal to the plane of the drawings, of length equal to the height 
of the CCD array and the elements 4, 61, 62, 51 and 52 are sufficiently wide. The 
scanner head 10 is eliminated for B-scan imaging ind if volumetric d|ta is required a 
ID scanner head is used, with sufficient size to handle and project a line over me tissue, 
employing means known to those skilled in the art; Analogously, if fh> embodiment in 
Fig. 5, 6, .7, 8 is used, then 1he elements 2 and 33 prepare Hnear eolluiated beams along 
lines perpendicular td the plane of the figure. Again, Ihe scanner head; 10 is*Jmunated 
for B-scan imaging ahd if volumetric data is required, a ID scanner Head is used, with 
sufficient size to hanlfle and proj ect a li^ 

mose skilled in the a^t [ 
The method and appUtuses subject to the mventio 

methods of spectra averages or spectra evaluations collected* differs* accurately 

conmMledOPDpori^ns,memote 

iitoferometry. By n^mtoulating such spectre « 

subdivisions of a wavelength, fiulher reduction of the noise can oe achieved acc(>rding 
to methods known fbr those skilled in the art, as mentioned above. A noisy channeled 
spectrum mses due to beating . 
' attenuatedby supe^bsingtwo spectra collected at aphase dMerenc^of*, as described 
m the paper "J« vftJ human retm^ 

tomography", published by M. Wojtkowski, R. Ueftgeb, A- Kowalcayk, T. 
Bajraszewski, A. RFercher, in the J. Biomed Optics 7<3M2002), p. 457r463. 
Alternatively this can be attenuated by superposing several i*eotra at several OFD steps 
as described in the paper by M. Wojtkowski in Optica Applicata motioned above. By 
superposing such spectra, the noise is cancelled andlhe channelled ipeetrum due to me 
GPD between the two beams in the interferometer is enhanced Such a method could 
equally be applied to embodiments of the present invention by disp^mgthe ti^nslation 
• stage 63 under the control of the processor 46 ^synchronism, with jhe reading element 
Q,analyser91 andthe scanner 10, for each pixd; to transversal sec^ 
the case of B-scan image, or (X,Y) when volumetric data, is acquired Also a number M 
of channelled spectra Bre acquired for U steps of the translation stage. Afler an A seen 
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is evaluated out of feeWspectra, a fux*tionwHch teuld be performed by the same 
processor 46.fee transverse .o«torf«^^»— l«™^s«-^ • 

The method and apparatuses subject to the invention axe compatible ijtffa polarisation 
modulators. Coaming elected polarization states in me two arms of ;me interferometer 
(i.e. fee object and reference optics), information on the depth resolved polarization of 
me target canbe inferred, such as Stokes vectors, 4s presented in ^^TJeJemnnatioaof 
depfe-resolved Stoke, parameters of light baeksc^tered from turbid media by use of 
polarization-sensitiveoptic^cohereac«tomog^ 

pp.300-302, 1999, by J.F. de Boer, TJEL Milner, J.S. Nelson, or complete Mueller matrix 
information as deseed m Wcal-fib^ 

tomog^h^publishedin Opt. Lett, 28, No. 14, pp. 1206-1208, 2003, by S. Jlao, W. 
Yu,G stoica,I~W^TVhenfeesefut^^ 

apparatuses according to the present invention, unique recovery of polarization sensitive 
A-scans is obtained and unique polarization sensitive B-scan maps ak generated. 

• ■ • " ,. 

ForphaseresolvedOCr^boscopicmutnm^ . 
one of the mterferometer arms has been presentei known as tteme^o^fonr 
buckets, as presented in {A. Dubois, L. Vabre, Ai C: Boccara, et al*,; "High-resohition 
fell-field optical coierence tomography wife a I^mic^scope,^ ^ 41 (4), 
805-812 (2002) andiH. Saint-James, M. Lebec, BL Beaurepaire, A- lpubois, A. C. 
Bocoera, "Full field optical coherence microscopy," mHandbook of optical coherence 
tomography, B. B. Bouma, G. J. Tearney eds., (parcel Dekker lric,^ew York-Basel, 
2002) 299-333. Tbi method and apparatuses according to fee present invention are 
compatible wife phase modulation and synchronous switching of fee fflUminating light 
In this way, by combinmg the four spectra acquited for different phase shifts, amplitude 
and phase information A-scan are retrieved. The method is applicable in fee detection of 
small deviations and Doppler OCT. 

The polarization modulators or/and phase modulators, in bulk ox nj^bre. could be 
introduceti anywhere in fee object optics or reference optics or between fee displacing 
and the dispersing elements. 
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ofbiologie ti«ue. imaging in Wnantadon i. al» » should be ob™*. fcr *o» 
^dinu» 8 lt«ounde H ^uu*«»e n ^ 

tocnbodinHg. 5-9 e^nbe eeafly Mi » invetfg-e - ^ . 

J.i, invoau^in.—ioo. Thereto. *m--« ? W-*. 
.hould 1* .too understood M aunpled tanmtataj in dqrfh 
investigated in transmission. 

fcrm dbeloeed. For M modificrtion. end virion. ere I«t^< k 

O^mouino^ou.eud uteanon. W 1»»^Vtod^ B uln f m^om. 
accompanying oiainifl. . 

^„o,ueelp^«^«e»^^^ tfd ^^ toM ^ 
Z»iuu^^<rf=»d*W^^<to^^^^ 
ployed to .elaeuyely aece« . aeoaor or . gr«ip of aea»t. aeeduhng tolheu-QPD. 
either in reflection or transmission. 
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